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PRtly one of the most promising options for reducing anthropogenic emissions ofCO2. Among the several projects investigating the fate of CO2 stored at depth, the EnCana'^s CO2 injection EOR(Enhancing Oil Recovery) project at Weyburn (Saskatchewan, Canada) is the most important oil productiondevelopment that hosts an international monitoring project. In the Weyburn EOR project CO2 is used toincrease recovery of heavy oil from the Midale Beds, a Mississippian reservoir consisting of shallow marine
carbonate, where about 3 billions standard m3 of supercritical CO2 have been injected since 2000 with an
injection rate of 5000 ton/day.
In this work the available dataset (bulk mineralogy of the reservoir, gas-
^




CO2 injection water samples) provided by the International Energy Agency Weyburn CO2 Monitoring
& Storage Project has been used in order to:CT
Ei) reconstruct the pre-
^
injection reservoir chemical composition (including pH and the boundary conditions
at 62 °C and 15 MPa);
ii) assess the evolution of the reservoir subjected to CO2 injection and predict dissolution/precipitation
processes of the Weyburn brines over 100 years after injection;




2003) evolutionof the insitu reservoirfluidsdue to theCO2 injection,
by comparing the surface analytical data with the composition of the computed depressurized brines.RR
ETo achieve these goals the PRHEEQC (V2.14) Software Package was used with both modified thermodynamicdatabase and correction for supercritical CO2 fugacity. The oil–^gas–^water interaction and the non-^ideality of
the gas phase (with exception of CO2) were not considered in the numerical simulations. Despite intrinsic
limitations and uncertainties of geochemical modeling, the main results can be summarized, as follows: 1)
the calculated pre-
^
injection chemical composition of the Midale Beds brine is consistent with the analytical
data of the waters collected in 2000 (baseline survey), 2) the main reservoir reactions (CO2 and carbonate
dissolution) take place within the first year of simulation, 3) the temporal evolution of the chemical features
of the fluids in the Weyburn reservoir suggests that CO2 can safely be stored by solubility (as CO2(aq)) and
mineral trapping (via dawsonite precipitation). The short-
^
term validation performed by calculating chemical
composition of the reservoir fluids (corrected for surface conditions) after the simulation of 3 years of CO2
injection is consistent (error ≤5%) with the analytical data of the wellhead water samples collected in 2003,
with the exception of Ca and Mg (error N90%), likely due to complexation effect of carboxilic acid.




51UN1. IntroductionThe discharge of anthropogenic CO2 to the atmosphere is







l., Geochemical modeling of
6/j.chemgeo.2008.12.029(e.g., IPCC, 2005, 2007). A very promising approach to reduce the CO2





suitable deep geological formations (N800 m; e.g., Holloway, 1996;
IEA, 2004, 2006), such as saline aquifers, depleted oil and gas fields or
unexploited coal beds (e.g., Quattrocchi et al., 2006a). Once injected
underground, CO2 can be retained at depth (Gunter et al., 1993, 2000,
2004), as supercritical fluid (physical trapping), fluid migrating very
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^
formed carbonates
(mineral trapping). Among these sequestration processes, mineral
trapping is likely the most stable (e.g., Gunter et al., 1993, 1997).
The appealing concept that CO2 could permanently be sequestered
underground has favored several experimental and modeling studies.
Whatever the trapping process of CO2, risks of reservoir to surface CO2
leakage and seepage have to be carefully evaluated (e.g., Pruess and
García, 2002; Rutqvist and Tsang, 2002; Damen et al., 2006; Jones et al.,
2006; Voltattorni et al., 2006).
The geochemicalmonitoring of deepfluids is a routine procedure to
investigate variations in the fluid composition caused by CO2 injection
and water–
^
rock interactions, and to track the fate of the injected CO2
plume. Furthermore, the geochemical results are used to develop
numerical modeling of deep geochemical processes to: i) evaluate
theoretical reservoir equilibrium conditions among the several phases
(through thermodynamic database, saturation indexes, activities and
speciation calculations of liquid phase) and ii) reconstruct physico-
^
chemical variations of the different phases at non-
^
equilibrium
conditions on the basis of kinetically-
^
controlled reactions (e.g., Marini,
2007).
Generally speaking, owing to the great depth (N800 m) at which the
potential CO2 storage reservoirs are located, the fluid sampling mostly









tube technology; Freifeld et al., 2005; Freifeld
and Trautz, 2006). Unfortunately, the surface analytical data donot often
reflect the reservoir conditions (temperature, pressure, pH and
chemical–
^
physical boundary conditions). As the fluid moves from the
reservoir to thewellhead, both pressure and temperature decrease. Part
of the fluid constituents is lost as gas phase, causing both disequilibrium
among the present phases and changes in the fluid chemistry (e.g.,
Kharaka andHanor, 2004; Quattrocchi et al., 2006b). Several procedures
allow to reconstruct deep fluid composition (e.g., Bazin et al., 1997;
Palandri and Reed, 2001;Marini et al., 2003), although their application
is usually restricted to geothermal reservoirs (temperatures N100 °C). In
these environments pressure can be parameterized as a function of
temperature rather than an independent variable, being the pressure
fixed at 0.1 MPa for 0–
^








section of Midale Beds. The carbona
Mesozoic Watrous Formation. Modified after Wilson and Monea (2004).
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9equilibrium curve at higher temperatures (100–
^
300 °C; Wolery, 1992).
9The steam/liquid water curve can be reproduced at laboratory
9conditions and used to calculate the thermodynamic parameters. For
9example, Marini et al. (2003) reconstructed the reservoir composition
9(250 °C and 3 MPa) of geothermal fluids discharged at Miravalles
9volcano (Costa Rica) highlighting significant compositional variation
9(about 27%) between the fluids sampled at the wellhead and those
1computed from the fluids of the reservoir.
1Conversely, sedimentary basins suitable for CO2 geological storage
1(e.g., oil field pool, saline aquifers) are characterized by low temperature
1(30–
^
70 °C) and relatively high pressure (N5 MPa). As a consequence,
1independent thermodynamic parameters cannot be calculated through
1steam/liquid water curve. Palandri and Reed (2001) approached the
1problembyassuming a thermodynamic equilibriumbetween formation
1waters and reservoir minerals, although their procedure did not take
1into account the influence of free and/or dissolved gas phases (with
1exception of CO2) on chemical composition of the aqueous solution.
1In this framework, the main goal of this work is to propose a
1geochemical model for the hosting aquifers of the Weyburn Oil Field
1(Canada), where anthropogenic CO2 is injected since 2000, in order to i)
1reconstruct the pre-
^
injection reservoir chemical composition of the two
1reservoirs (Marly and Vuggy) where CO2 is stored by using the
1geochemical data obtained at the wellhead and provided by the Inter-
1national Energy Agency Weyburn CO2 Monitoring & Storage Project, ii)
1assess the (kinetic) evolution of the system during the CO2 injection and
1quantify the geochemical trapping mechanisms over 100 years after
1injection, iii) validate the simulated short-
^
term (3 years) evolution of the
1reservoir during the CO2 injection by comparison the simulated data
1with those measured at the wellhead.
12. The Weyburn Oil Field
1The Weyburn Oil Field (hereafter WOF) is located in the Prai
^
rie
1Province of Saskatchewan (Western Canada) in the Midale Beds of the
1Mississippian Charles Formation. The latter is at the depth of 1300–
1
^
1500 m (El Sayed et al., 1993) and is divided in the Frobisher Evaporite
1and the Midale Carbonate. Shallowmarine carbonate-
^
evaporitic rocksT
te strata of the oil reservoir are sealed by evaporite beds (Midale Evaporite) and by the





























































































Fig. 2. Geographic location of selected wells for the geochemical model. Wells w4, w18,
w34, and w36 to w39 belong to Marly reservoir, while wells w12, w28, w31, w35 and
w41 belong to Vuggy reservoir. Numbers in parenthesis are the official location Selected
wells have depth ranging from 1400 to 1700 m. Pink area is “Phase A1” injection area.
Modified after Emberley et al. (2004). Geographical coordinates system: NAD (North
American Data) 83, Zone 13 North.





(Mundy and Roulston, 1998) form the Midale Carbonate where two









sealed by an anhydrite cap-
^
rock, are hosted (Fig. 1). Pressure and
temperature of the reservoirs are 15 MPa and 62 °C, respectively
(Rochelle et al., 2002). Detailed geological descriptions of the WOF are
reported in Wegelin (1984) and Burrowes (2001).
The oil-
^
rich Midale Beds, discovered in 1954, was exploited by
primary depletion until 1964, when secondary oil recovery via water-
^





injection ofwater less saline than that hosted in theMidale
Beds and mainly deriving from the overlying Cretaceous Mannville
Aquifer. Presently, more than 3×109 standard m3 of supercritical CO2,
captured from the North Dakota Gasification Power Plant (U.S.A.), are





injection area that includes about 90 oil producers, 30
water injectors and 30 CO2 injection wells (e.g., Wilson and Monea,
2004).




20 Mton of anthropogenic CO2 will be stored in the
Mississippian strata with an estimated oil production of 130 million
barrels. The Weyburn CO2-^
EOR project is the focal point of a multi-
disciplinary IEA-
^
EU research programmainly devoted to investigate the
fate of CO2once injectedbyusingawide rangeofmonitoring techniques.
An exhaustive summary of the specific aspects of this project is reported
in Wilson and Monea (2004).
Our geochemical modeling procedure is based on the available
dataset provided by the Weyburn Project, which includes: a) bulk





CO2 injectionwater samples of Midale Beds and c)mean gas-^
cap
composition at the wellheads.
2.1. Bulk mineralogy
In this work we adopted a mean mineralogical composition of the
Marly and Vuggy reservoirs calculated according to that obtained from
18 core boxes collected from 4 wells located into the injection area
(Pearce and Springer, 2001; Springer et al., 2002). The Marly reservoir
(from 1 to 11 m thick) is a chalky, microcrystalline dolomite layer with
dominantly intercrystalline porosity (26%) (Churcher and Edmunds,
1994). This reservoir is composed by: dolomite (80% by vol.), calcite
(14.5%), gypsum (3%), K-
^
feldspar (1.25%), authigenic silica (0.5%),
pyrite (0.5%) and clay minerals (0.25%). The Vuggy reservoir (10 to
22m thick) mainly consists of grainstone and packestonewithmoldic,
intergranular and intercrystalline porosity (Wegelin, 1984), whose
mineralogical composition is: calcite (93.5% by vol.), dolomite (3%),
anhydrite (2%), authigenic silica (0.5%), pyrite (0.5%) and K-
^
feldspar
(0.5%). Average porosity is 14% (Churcher and Edmunds, 1994).
2.2. Aqueous liquid phase
From August 2000 (baseline survey) to September 2004, the
University of Calgary and the Alberta Research Council (ARC) jointly
with the Italian Institute of Geophysiscs and Volcanology (INGV) have





fluids collected at the wellheads. The compositional data of 12 wells
(Fig. 2), 7 into the Midale Marly and 5 into the Midale Vuggy, sampled
during the baseline (Emberley et al., 2005) and September 2003 (Table 1),
are used in the present work. The chemical results of the selected wells
(w4,w18,w34,w36–
^
w39 for theMarly andw12,w28,w31,w35 andw41




The WOF baseline fluid chemistry shows a considerable variation in
spatial terms across the oilfield, likely due to the fact thatWOF lies at the
boundary between twowater types: i) a relatively diluted Ca–
^
SO4water













1) (Bailey et al., 1973; Emberley et al., 2004, 2005). As aPlease cite this article as: Cantucci, B., et al., Geochemical modeling of









This difference is likely due towater-
^
flooding processes that affected the
more permeable Vuggy reservoir (Riding and Rochelle, 2004).
2.3. Gas phase
In our study the mean gas composition of the Midale Beds reservoir,
sampled at wellhead before CO2 injection (baseline survey) by the
University of Calgary, was used. This consists of CH4 (43.8 mol%^
), CO2
(4%), andN2 (22%). The standarddeviations are 12.6,1.5 and8.8% for CH4,
CO2, and N2, respectively (Emberley et al., 2004). The remaining part of
the total gas (31mol%
^





pentane and helium was not considered in the present work.
Hydrocarbon components were indeed analyzed by using gas vials
partly filled with Cd-
^
acetate in glacial acetic acid (Emberley et al., 2005),
likely modifying the original concentrations of the organic species.
Analytical data for H2S were not included because this gas compounds
was removed during gas sampling due to safety reasons.
3. Numerical modeling approach
3.1. Simulation method





geochemical impact of CO2 injection in WOF system. The model was
carried out in five stages (Fig. 3). On the basis of the analytical data of
well waters collected at surface in the pre-
^
injection stage (fluids and
bulk mineralogy), the chemical composition of fluids at reservoir
conditions (62 °C and 15 MPa) (path A) was calculated. Then, weCO2 storage in deep reservoirs: The Weyburn Project (Canada) case
UNCORRECTED PROOF
Table 1t1:1
Analytical chemical composition (mol·l−1) ofWOF selected wells, sampled at wellheads prior injection of CO2 (baseline survey, August 2000) by the University of Calgary and ARC (modified after Emberley et al., 2005) and September 2003 after
3 year of CO2 injection from INGV
t1:2
t1:3 Res. Well Location T pH TDS Na+ K+ Ca2+ Mg2+ HCO3− Cl− HS− SO42− Li Fe Sr Si
t1:4 °C
t1:5 Marly w 04 14-1 6-14 23.6 6.34 107.81 1.78 1.51×10−2 3.30×10−2 2.83×10−2 8.09×10−3 1.71 3.80×10−3 3.23×10−2 3.51×10−3 4.59×10−5 5.07×10−4 2.45×10−4
t1:6 Aug. 2000 w 18 b8-18 6-13 21.7 6.45 81.19 1.29 9.30×10−3 3.93×10−2 2.92×10−2 6.49×10−3 1.27 5.26×10−3 3.38×10−2 1.62×10−3 3.05×10−5 4.65×10−4 6.45×10−4
t1:7 w 34 d14-18 6-13 19.5 6.31 59.03 0.87 1.01×10−2 3.10×10−2 9.25×10−3 7.17×10−3 0.93 5.72×10−3 3.80×10−2 1.52×10−3 2.68×10−5 9.09×10−4 4.27×10−4
t1:8 w 36 d14-11 6-14 37.6 6.50 80.99 1.27 1.31×10−2 4.40×10−2 3.28×10−2 6.38×10−3 1.27 3.23×10−3 3.31×10−2 1.54×10−3 2.71×10−5 4.07×10−4 3.83×10−4
t1:9 w 37 2-10 6-14 24.8 6.61 76.55 1.13 6.88×10−3 2.90×10−2 9.09×10−3 9.48×10−3 1.24 6.37×10−3 4.01×10−2 1.50×10−3 1.44×10−5 7.44×10−4 4.43×10−4
t1:10 w 38 14-14 6-14 20.9 6.77 67.50 1.08 7.62×10−3 3.51×10−2 1.30×10−2 9.87×10−3 1.03 1.40×10−3 3.53×10−2 1.25×10−3 2.18×10−5 3.43×10−4 2.66×10−4
t1:11 w 39 b14-13 6-14 22.3 6.62 72.67 1.18 7.53×10−3 3.50×10−2 1.94×10−2 6.92×10−3 1.11 1.65×10−3 3.60×10−2 1.51×10−3 1.93×10−5 6.06×10−4 3.27×10−4
t1:12 Vuggy w 12 d 8-7 6-13 30.2 6.57 34.01 1.21 8.63×10−3 3.90×10−2 6.47×10−3 5.88×10−3 1.19 3.86×10−3 3.74×10−2 1.52×10−3 1.45×10−5 9.59×10−4 3.69×10−4
t1:13 Aug. 2000 w 28 10-17 6-13 25.2 6.58 92.61 1.49 1.50×10−2 3.76×10−2 3.61×10−2 6.39×10−3 1.44 5.97×10−4 3.95×10−2 1.76×10−3 1.83×10−5 4.48×10−4 4.21×10−4
t1:14 w 31 d14-6 6-13 30.3 6.84 88.31 1.29 8.25×10−3 3.43×10−2 5.14×10−2 1.16×10−2 1.46 5.38×10−4 3.17×10−2 2.69×10−3 4.44×10−5 3.62×10−4 4.90×10−4
t1:15 w 35 12-25 -14 23.0 6.75 23.43 0.65 3.68×10−3 2.81×10−2 8.10×10−3 8.52×10−3 0.68 8.88×10−3 3.85×10−2 5.46×10−4 9.31×10−6 3.58×10−4 6.45×10−4
t1:16 w 41 d8-23 6-14 33.5 7.00 67.98 1.08 1.03×10−2 3.40×10−2 2.22×10−2 7.72×10−3 1.04 5.89×10−3 3.46×10−2 1.25×10−3 2.47×10−5 4.46×10−4 4.28×10−4
t1:17 Marly w 04 14-1 6-14 23.6 5.52 120.79 1.81 3.09×10−2 3.86×10−2 2.15×10−2 1.50×10−2 2.00 – 4.01×10−2 4.04×10−3 – 3.50×10−4 5.39×10−4
t1:18 Sept. 2003 w 18 b8-18 6-13 21.7 5.77 79.64 1.19 1.90×10−2 4.76×10−2 1.98×10−2 2.27×10−2 1.25 – 3.51×10−2 2.25×10−3 – 4.87×10−4 5.61×10−4
t1:19 w 34 d14-18 6-13 19.5 6.64 84.84 1.12 1.68×10−2 3.94×10−2 1.82×10−2 1.30×10−2 1.21 – 3.82×10−2 2.11×10−3 – 3.47×10−4 4.89×10−4
t1:20 w 36 d14-11 6-14 37.6 5.51 53.13 1.20 1.87×10−2 5.16×10−2 2.07×10−2 4.62×10−2 1.33 – 3.55×10−2 2.36×10−3 – 5.33×10−4 5.35×10−4
t1:21 w 37 2-10 6-14 24.8 7.08 84.56 1.24 1.94×10−2 3.75×10−2 1.97×10−2 1.73×10−2 1.36 – 4.04×10−2 2.56×10−3 – 3.56×10−4 4.91×10−4
t1:22 w 38 14-14 6-14 20.9 6.91 84.41 0.85 1.35×10−2 3.58×10−2 1.70×10−2 2.06×10−2 0.91 – 3.47×10−2 1.53×10−3 – 3.79×10−4 4.70×10−4
t1:23 w 39 b14-13 6-14 25.0 6.91 58.98 1.07 1.62×10−2 4.35×10−2 2.05×10−2 2.97×10−2 1.18 – 3.36×10−2 1.94×10−3 – 5.24×10−4 5.74×10−4
t1:24 Vuggy w 12 d8-7 6-13 30.2 6.47 84.85 1.25 1.91×10−2 5.01×10−2 2.15×10−2 1.09×10−2 1.36 – 3.81×10−2 2.30×10−3 – 4.10×10−4 6.36×10−4
t1:25 Sept. 2003 w 28 10-17 6-13 25.2 6.33 83.96 1.28 2.15×10−2 4.25×10−2 1.99×10−2 1.22×10−2 1.33 – 3.53×10−2 2.43×10−3 – 4.60×10−4 5.70×10−4
t1:26 w 31 d14-6 6-13 30.3 6.84 80.10 1.69 2.65×10−2 4.35×10−2 2.24×10−2 1.10×10−2 1.94 – 3.75×10−2 3.74×10−3 – 3.57×10−4 5.56×10−4
t1:27 w 35 12-25 -14 23.0 6.37 76.08 0.78 9.84×10−3 3.30×10−2 1.71×10−2 1.62×10−2 0.80 – 3.84×10−2 8.08×10−4 – 4.79×10−4− 3.91×10−4
t1:28 w 41 d8-23 6-14 25.0 5.92 74.37 1.25 1.77×10−2 5.55×10−2 2.51×10−2 4.05×10−2 1.37 – 3.35×10−2 2.38×10−3 – 4.77×10−4 6.18×10−4


















































































Fig. 3. Schematic sketchof thenumericalmodelingapproach adopted in this study forMarlyandVuggy reservoirs. (A): reconstructionof reservoir chemical compositionof formationwaters;
(B): reconstruction of chemical composition of “initial” brines; (C): evaluation of the geochemical impact of CO2 injection inWOF systemon the long-term (100 years); (D): simulation of CO2
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brines) before CO2 injection (pathB). The simulations
consider reversible processes where solid, aqueous and gas phases are
assumed to be in thermodynamic equilibrium, without taking into
account the interaction with the hydrocarbon-
^
rich phase of the WOF.
Afterwards, we simulated the CO2 injection in the WOF system for
100 years (path C) evaluating the efficiency of geochemical trapping
mechanism (solubility and mineral trapping). The impact of this
irreversible process was calculated via kinetically-
^
controlled reactions.
Finally, CO2 injection in the WOF for 3 years (from 2000 to 2003) was
simulated (path D). This irreversible process was also simulated via
kinetically-
^
controlled reactions. In order to compare the numerical
results with the real analytical data collected by INGV in 2003, the
physico-
^
chemical conditions acting on fluids during their flow from the
reservoir to the surface were re-
^
constructed (path E). The degassing
process needed to compare the simulated results with the analytical




Mineralogical phases considered for the simulations, relative specific surface areas and therm
reservoirs
Log k298.15 (mol·m−2·s−1) Ea (kJ·mol−1)
Acid Neutral Base Acid
Primary mineral
K-feldspar −12.50 −15.3 −14.20 –
Calcite −0.30 −5.81 −3.48a 14.4
Dol.-dis −3.19 −7.53 −5.11a 36.1
Kaolinite −11.31 −13.18 −17.05 65.9
Chalcedony – −12.23 – –
Pyrite −7.52b −4.55b – 56.9b
Secondary mineral
Gypsum – −2.79 – –
Anhydrite – −3.19 – –
Dawsonite – −7.00 – –
Magnesite −6.38 −9.34 −5.22 14.4
Muscovite −11.85 −13.55 −14.55 22.0
Albite −9.87 −12.04 −16.98 65
Chlorite −11.11 −12.52 – 88.0
Thermodynamic parameters are from Palandri and Kharaka (2004 and references cited the
dissolution. Dol.-dis: disordered dolomite. k298.15 is the kinetic constant at 25 °C. Ea is the a
a Reaction order n with respect to p(CO2).
b Reaction order n1 with respect to H+ and Fe3+.
c Reaction order n3 with respect to O2.
Please cite this article as: Cantucci, B., et al., Geochemical modeling of




To perform our investigations, the PRHEEQC (V2.14; Parkhurst and
Appelo, 1999) Software Package, via thermodynamic improvement of





controlled reactions can be modeled through the
transition state theory (Lasaga, 1984; Lasaga et al., 1994; Steefel and
Lasaga, 1994) and expressed by the following general equation:





where r is the kinetic rate (positive values indicate dissolution and





S is the specific reactive surface area (m2·g−
^
1),Q is the ion activity product,Q2odynamic parameters of the kinetic equations (1)–(5) for modeling theMarly and Vuggy
Specific surface
Area (m2·g−1)
Neutral Base n1 n3 Marly Vuggy
– – 0.50 0.823 0.175 0.175
23.5 35.4a 1.00 1.00a 0.034 0.015
52.2 34.8a 0.50 0.50a 0.105 0.014
22.2 17.9 0.77 0.472 2.317 0.015
74.5 – – – 0.038 0.015
56.9b – −0.50b 0.50c 0.012 0.008
14.3 – – – 0.003 0.003
14.3 – – – 0.100 0.100
62.8 – – – 0.140 0.140
23.5 62.8 1.00 1.00a 0.100 0.100
22.0 22.0 0.37 0.22 0.106 0.106
69.8 71 0.457 0.572 0.115 0.115
88.0 – 0.50 – 0.113 0.113
rein), with the exception of K-feldspar (Sverdrup, 1990). Rate constants are listed for
ctivation energy and n is the order of the reaction (Eq. (3)).

































































Moles per liter of solution of the Marly and Vuggy mineralogical phases used in the in geochemical model
t3:2
t3:3 Reservoir Dol.-dis. Calcite Anhydrite Gypsum Chalcedony Pyrite K-feld. Kaolinite
t3:4 mol Mol Mol Mol Mol Mol mol Mol
t3:5 Marly 52.10 8.08 – 0.84 0.45 0.60 0.25 0.05
t3:6 Vuggy 3.27 87.36 1.52 – 0.75 1.00 0.17 0.00a
Dol.-dis: disordered dolomite.t3:7
a Kaolinite was added as potential secondary mineral in the Vuggy reservoir.t3:8
Table 4 t4:1
Enthalpy (ΔH°f) and free energy of formation (ΔG°f) of solid species added to the
PHREEQC database
t4:2
t4:3Species ΔH°f ΔG°f References
t4:4kJ·mol−1 kJ·mol−1
t4:5Ionic species in aqueous solutiona
t4:6Al(aq)3+ −531.0 −485.0 Hemingway and Robie (1977)
t4:7Mg(aq)2+ −466.9 −454.8 Parker et al. (1971)
t4:8Ca(aq)2+ −542.8 −553.6 Parker et al. (1971)
t4:9H(aq)+ 0 0 Codata Task Group (1976)
t4:10K(aq)+ −252.4 −283.3 Codata Task Group (1976)
t4:11Na(aq)+ −240.1 −261.9 Codata Task Group (1976)
t4:12CO32−(aq) −677.1 −527.8 Wagman et al. (1968)
t4:13HCO3−(aq) −692.0 −586.8 Wagman et al. (1968)
t4:14OH(aq)− −230.0 −157.3 Codata Task Group (1976)
t4:15SO42−(aq) −909.3 −744.5 Wagman et al. (1968)
t4:16Neutral speciesa
t4:17H2O(liq) −285.8 −237.1 Codata Task Group (1976)
t4:18Solid species
t4:19Dawsonite NaAlCO3(OH)2 −1963.97 −1785.99 Ferrante et al. (1976)
t4:20Dolomite-dis CaMg(CO3)2 −2324.48 −2161.30 Robie and Hemingway (1977)
t4:21Magnesite MgCO3 −1113.28 −1029.48 Robie (1965)
aThermodynamic data from CRC (2001). All values are at standard conditions (25 °C,
0.1 MPa) in an ideal solution 1 M. t4:22





K is the equilibrium constant for a specific mineral–
^
water reaction, p and
q are two parameters that depend on the experimental data and they are
usually equal to 1, aH+n is the aqueous activity of H+ ion andn is the order of
the reaction.
The temperature dependence of the reaction rate constant is
expressed by the Arrhenius equation (Lasaga,1984; Steefel and Lasaga,
1994):










where Ea is the activation energy, k298.15 is the rate constant at 298.15 K
(25 °C), R is the gas constant, T is the absolute temperature (in Kelvin).
In this work the geochemical evolution of the Weyburn systemwas
modeled by using a general equation, which includes terms for reaction
mechanisms in pure water (neutral pH), and those depending on H+
(acid) and OH−
^









































The parameter p and q (see Eq. (1)) are set to unit for each
mechanism. Additional terms were added to or removed from Eq. (3) to
account for other mechanisms (see Table 2) such as those catalyzed by
HCO3−^
, (especially for the carbonate reaction rate, which depends on
HCO3−^
or pCO2) Fe3+ and O2 (pyrite). Eq. (3) was used for all minerals
considered, with exception of pyrite, for which the equation of
































For most minerals precipitation rate data are not available. We can
reasonably assume that the precipitation rate of primary and potential
secondary minerals is represented by the same kinetic expression as
that used for dissolution. The thermodynamic parameters of the
kinetic equations for Marly and Vuggy minerals were added to the
standard PHREEQC database (Table 2) (Sverdrup, 1990; Palandri and
Kharaka, 2004 and reference therein).
The specific reactive surface area is a parameter relatively difficult to
be measured or calculated, especially for multi-
^
mineral systems, since
only part of themineral surface is involved in the reaction (e.g., Xu et al.,
2007). During kinetic reactions, the specific surface area increases or
decreases as the morphology of mineral changes (Wilson, 1975;
Grandstaff, 1978; Berner and Holdren, 1979; Berner and Schott, 1982;
Velbel, 1984, 1986). This can result in an uncertainty of the modeled
results of up to several orders of magnitude (e.g., Gautier et al., 2001). In
this study variation of reactive surface area for each mineral wasPlease cite this article as: Cantucci, B., et al., Geochemical modeling of





2calculated starting from the geometric surface area and the quantity of
2each mineral, assuming that the reactive surface is proportional to
2mineral volume fraction. The geometrical features of the surface area
2was computed by assuming that particles are smooth spheres, through





2where Ageom is the geometric surface area (cm2·g−^
1), ρ is the mineral
2density (g·cm−
^
3) and ds is the effective spherical diameter of themineral
(cm). Initial values of the geometric surface area for each mineral
2considered are given in Table 2. The initial surface area of minerals, not
2present prior to the kinetic simulation, is assigned to be similar to
2sphereswith an average diameter of 0.002 cm for bothMarly and Vuggy
2reservoirs. This valuewas set on thebasis of average grain size analysis of
2Springer et al. (2002). This assumption is consistent with those
3values generally assigned to secondary minerals, e.g., spheres with
3radius of 10−
^
5 m (Xu et al., 2004; Gherardi et al., 2007).
33.3. Input data
3The mean mineralogical assemblage of the Marly and Vuggy reser-
3voirs (Table 3) was considered as the initial composition for the WOF.
3Owing the lack of more specific information, chalcedony was used in the
3modeling as proxy for authigenic silica, which is commonly the
3controlling SiO2-^
phase in sedimentary rocks at low temperature.
3Kaolinite was used as proxy for clay minerals, whereas dolomite was
3modeled as disordered dolomite since in the Midale Beds it derives by
3dolomitization processes (Pearce and Springer, 2001). Kaolinite, not
3present in the Vuggy reservoir, was added as possible secondarymineral,
3meaning that this mineral could only be precipitating when super-
3
^
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Porosity and bulk density (2.8 g·cm−
^
3 and 2.7 g·cm−
^
3 for Marly and
Vuggy, respectively) of theWOF were used to calculate the water/rock
ratio (0.481 and 0.28 for Marly and Vuggy reservoirs, respectively) and
the amount of dissolved solids available for reaction in 1 l of water, by
assuming that the pore space was water saturated.
Thermodynamic data of phreeqc.dat mainly belong to the aqueous
model of Nordstrom et al. (1990) and Ball and Nordstrom (1991).
However, the thermodynamic properties of some minerals relevant to
our model, e.g., disordered dolomite and dawsonite, are not included in
the default database phreeqc.dat. These data, along with those of
magnesite,were added to theoriginal database byusing thermodynamic
parameters listed in Table 4 that are consistent with those recently
published by Palmer et al. (2001) and Bénézeth et al. (2001) (Al3+),
Bénézeth et al. (2007) (dawsonite) and Robie and Hemingway (1995)
(dolomite).
Theprimary source for thermodynamic data of aqueous species and
minerals was CRC (2001) and Robie et al. (1979). The thermodynamic
data were selected in order to maintain an internal coherence with
unmodified equilibrium constants in the PHREEQC database. This was
achieved by selecting only thermo-
^
chemicalmeasurements and,when
possible, values produced by the same research team, due to the high
variability of the available data, e.g., solubility product constant (Ksp)
of dolomite (Sherman and Barak, 2000). The thermodynamic con-
sistency was checked by using the Born–
^
Haber cycle. Starting from the
reference thermodynamic data of ion ΔH°f values, mineral formation
energies were calculated selecting the data on the basis of the
correlation with other possible thermodynamic cycles.
The chemical composition of the 12 wells sampled during the pre-
^
injection baseline survey is reported in Table 1 (Emberley et al., 2005).






feldspar and/or kaolinite) recognized in the Marly and Vuggy
reservoirs, whereas, as already mentioned, organic compounds (e.g.,
low molecular mass organic acids) were not considered in the
geochemical simulation. The mean free gas-
^
cap composition (at
wellhead) used for the geochemical simulation of the Weyburn
reservoirs is reported in Table 5. The baseline analytical concentration
of H2S was estimated on the basis of aqueous H2S (H2S(aq)) data
measured by INGV inMarch 2001 (after 6months of CO2 injection). The
H2S(aq) concentrations range from 5 to 200 mg·l−^
1. By assuming a
thermodynamic equilibrium between H2S(aq) and H2S(g), a mean value
of 1.3 mol%
^
of H2S(g) was calculated by considering the H2S solubility
constant (CRC, 2001). An aliquot of H2O (0.059mol%^
), corresponding to
vapor tension calculated atWOF conditions (62 °C and 15MPa) and an
aliquot of H2(g) (0.01 mol%^
), calculated on the basis of the CH4–^
CO2
redox system in the gas-
^
























Wellhead average free gas composition (AC) and multi-component free gas phase com2
position (MC) used in an irreversible reaction with aqueous phase to increase the total
pressure of WOF system from 0.1 to 15 MPa
Gas AC MC
mol% Partial pressure at 0.1 MPa Partial pressure (MPa)
CH4a 43.8 0.04380 0.04380
CO2a 4.0 0.00400 –
N2a 22.1 0.02210 0.02210
H2S – 0.00130b –
H2 – 0.00001c 0.00001c
H2O – 0.00059d 0.00059d
ng=186 mol·l−1
a Data from Emberley et al. (2004).
b estimated value on the basis of average concentration of aqueous H2S analyzed in
the samples collected in March 2001 by INGV.
c estimated concentration on the basis of redox potential of H2S and CH4 into gas cap.
d Water vapor partial pressure at reservoir condition (62 °C, 15 MPa). ng: numbers of
moles of the gas multi-component added to the solution to obtain a total pressure of
15 MPa.
Please cite this article as: Cantucci, B., et al., Geochemical modeling of





4. Reconstruction of the in-
^
situ reservoir composition (62 °C 15MPa)
4.1. From baseline pre-
^
injection data to reservoir equilibrium condition
(path A)
As previously mentioned, the chemical composition of the WOF
deep fluids sampled at wellhead does not reflect the reservoir
conditions because temperature and pressure decrease and the gas
phase is partially lost as thefluids raise up to the surface. Consequently,
a precise knowledge of the reservoir physico-
^
chemical features (T, P,
pH, and boundaries conditions) has to be computed, being a necessary
pre-
^
requisite for any numerical simulation. In particular, the recon-
struction of the chemical composition of the reservoir is the basis to
both configure a quantitative model of water–
^
rock interactions and





situ reservoir composition was calculated by
assuming a thermodynamic equilibrium, at reservoir temperature
(62 °C) and pressure (15MPa), among solid (Table 3), aqueous (Table 1)
and gas phases (Table 5). Prior to the CO2 injection it is indeed
reasonable to hypothesize that the fluids in theWOFaquifers, assumed
as closed systems, were approaching a chemical equilibriumwith their
host mineral assemblage. This concept was widely demonstrated for
geothermal fluids in equilibriumwith alteration minerals at tempera-
tures between 70 and 300 °C (Giggenbach, 1980, 1981; Michard et al.,
1981; Arnórsson et al., 1983; Reed and Spycher, 1984; Hull et al., 1987;
Giggenbach, 1988; Arnórsson and Andrésdóttir, 1995; Pang and Reed,
1998; Arnórsson, 1999).
The pH values and the chemical composition of the fluid reservoirs
were calculated by means of the PHREEQC code, according to the
following steps:
1. calculation of the chemical equilibrium for the aqueous, gas and
solid phases of the Marly and Vuggy reservoirs at sampling P,T
conditions (25–
^
30 °C and 0.1 MPa);
2. heat-
^
up of the system from sampling to reservoir temperature
(62 °C). This is a routine operation for PHREEQC;
3. simulation of an increase of pressure from wellhead (0.1 MPa) to
the reservoir condition (15 MPa) at constant temperature (62 °C).
Chemical equilibrium among the various phases was imposed.
In the default thermodynamic data-
^
file, pressure is not an indepen-
dent variable and the thermodynamic parameters are reported for
0.1 MPa total pressure from 0 to 100 °C. This pressure–
^
temperature grid,
however, does not match the P–
^
T values found in the WOF. As a
consequence, the free gas phase pressure was increased to achieve the
real pressure of the system. In particular, as the thermodynamic
equilibrium between the gas and the aqueous phases is modeled in
PHREEQC by assuming an ideal behavior, a multi-
^
component gas phase
(Table 5) capable to react irreversibly with the aqueous solution was
defined, so that specified amounts of elements are transferred to the
aqueous solution during batch reaction. If a gas phase has a fixed volume
and temperature, then the pressure in the gas volume will vary with the
reaction extent. ForWOF, to obtain a total pressure of 15MPa,186mol·l−
^
1
of the gas multi-
^
component were added to the solution. This value was
computed by considering the amount of gas soluble at the reservoir
conditions. The CO2(g) and H2S(g) contents were not included in batch
reaction. By considering the high amount of moles needed to obtain a
pressure of 15 MPa, the introduction of these highly reactive species
would imply: i) a system over-
^
saturated in CO2 and, ii) a high reducing
environment able to strongly modify all aqueous phase constituents.
Moreover, in theWOFreservoir gas-
^
caponly very small amounts of CO2 (g)
andH2S (g) are likelypresent, and thebaselineanalytical datadidnot show
any evidence of CO2-^
induced alteration.
Equilibrium reactions were simulated for successive incremental
steps (150). For each step, a specific amount of reactant was added to
the solution and the resulting system was equilibrated. The results of















































Q3Calculated pre-injection chemical composition (mol·l−1) of selected wells and “initial” waters of WOF at reservoir conditions of 62 °C and 15 MPa
t6:2
t6:3 Res. pH Na+ K+ Ca2+ Mg2+ HCO3− Cl− HS− SO42− Li Sr Si Al
t6:4 Well Location
t6:5 Marly w 04 14-1 6-14 6.70 1.87 6.40×10−2 9.87×10−4 6.66×10−6 7.33×10−3 1.80 9.86×10−2 4.62×10−5 3.70×10−3 5.35×10−4 3.73×10−4 6.82×10−8
t6:6 w 18 b8-18 6-13 6.56 1.33 8.51×10−2 8.60×10−3 3.63×10−5 2.08×10−3 1.30 7.27×10−2 4.43×10−5 1.76×10−3 5.06×10−4 4.63×10−4 6.59×10−8
t6:7 w 34 d14-18 6-13 6.78 0.86 5.07×10−2 1.47×10−3 4.48×10−6 1.09×10−2 0.93 1.10×10−1 6.65×10−5 1.52×10−3 9.10×10−4 4.98×10−4 1.12×10−7
t6:8 w 36 d14-11 6-14 6.70 1.30 6.21×10−2 3.05×10−3 1.31×10−5 4.20×10−3 1.30 9.52×10−2 2.39×10−5 1.58×10−3 4.17×10−4 4.38×10−4 8.30×10−8
t6:9 w 37 2-10 6-14 6.83 1.15 4.61×10−2 1.21×10−3 4.72×10−6 8.84×10−3 1.27 1.25×10−1 6.51×10−5 1.53×10−3 7.58×10−4 4.53×10−4 1.14×10−7
t6:10 w 38 14-14 6-14 6.80 1.09 4.91×10−2 1.85×10−3 6.43×10−6 7.14×10−3 1.04 1.11×10−1 4.53×10−5 1.26×10−3 3.46×10−4 4.73×10−4 1.11×10−7
t6:11 w 39 b14-13 6-14 6.73 1.33 5.82×10−2 2.57×10−3 1.11×10−5 4.63×10−3 1.30 1.03×10−1 2.85×10−5 1.66×10−3 4.77×10−4 4.37×10−4 8.81×10−8
t6:12 Vuggy w 12 d 8-7 6-13 6.69 1.25 6.43×10−2 2.50×10−3 1.05×10−5 5.46×10−3 1.24 1.62×10−1 5.29×10−5 1.58×10−3 9.96×10−4 4.41×10−4 8.09×10−8
t6:13 w 28 10-17 6-13 6.62 1.57 7.63×10−2 2.62×10−3 1.43×10−5 4.38×10−3 1.53 1.41×10−1 3.88×10−5 1.86×10−3 4.74×10−4 4.01×10−4 6.26×10−8
t6:14 w 31 d14-6 6-13 6.59 1.36 8.07×10−2 3.48×10−3 1.75×10−5 3.88×10−3 1.54 1.32×10−1 3.17×10−5 2.83×10−3 3.82×10−4 4.13×10−4 6.11×10−8
t6:15 w 35 12-25 -14 6.75 0.65 5.33×10−2 4.51×10−3 1.21×10−5 4.34×10−3 0.68 1.75×10−1 4.11×10−5 5.47×10−3 3.59×10−4 5.25×10−4 1.10×10−7
t6:16 w 41 d8-23 6-14 6.69 1.11 6.31×10−2 4.65×10−3 1.73×10−5 3.36×10−3 1.07 1.60×10−1 3.16×10−5 1.29×10−3 4.59×10−4 4.61×10−4 8.56×10−8
t6:17 Initial
t6:18 Marly 6.91 1.84 3.88×10−2 1.44×10−3 8.10×10−6 3.89×10−3 1.43 1.37×10−1 3.31×10−5 – – 3.96×10−4 1.18×10−7
t6:19 Vuggy 6.76 1.02 5.29×10−2 4.35×10−3 1.40×10−5 3.61×10−3 0.79 1.75×10−1 3.58×10−5 – – 4.88×10−4 1.06×10−7
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ARTICLE IN PRESSIn the simulation for reconstructing the chemical conditions of the
Marly and Vuggy reservoirs, some conceptualism was applied. Since
1964, theWOFwas subjected towater injection as secondary recovery
mechanism from the Cretaceous Mannville aquifer (Wilson and
Monea, 2004). As no information about the water volume and the
injection rate are available, the effects of water-
^
flooding were not
considered in this simulation. This introduces large uncertainties in
the numerical modeling and can affect the assumption of thermo-
dynamic equilibrium. Furthermore, for the sake of homogeneity of
simulation, average composition of the solid phase for the Marly and
Vuggy reservoirs was used. The lack of analytical data has not allowed
the use of the dissolved organic species, likely present in the WOF
system.
The chemical composition variation of the selected waters for the
Marly and Vuggy aquifers from the sampling to the computed reservoir
conditions is reported in Table 6 and shown in Fig. 4.
Wellhead waters show partial equilibrium with the mineralogical
assemblage of the Marly and Vuggy reservoirs and are oversaturated
with respect to calcite, disordered dolomite and pyrite, whereas only
chalcedony and anhydrite/gypsum are in equilibrium. Owing to initial
partial equilibrium between fluids and solid phases of the Marly and




Fig. 4. Comparison between the chemical composition of calculatedMarly and Vuggy waters
composition (black squares) of Marly and Vuggy waters. (For interpretation of the reference
Please cite this article as: Cantucci, B., et al., Geochemical modeling of




4significant variation in the overall chemistry of the aqueous solutions
4and in the mineralogical assemblage.
4From surface to reservoir, pH values for Marly and Vuggy waters
4slightly increase (from6.61 to 6.70). As a consequence, the equilibrium
4batch modeling predicts the precipitation of calcite and dolomite with




















1). Also, a partial dissolution of K-
^
feldspar in both
4Marly and Vuggy reservoirs and chalcedony precipitation is likely














1), respectively, while Si concentration does not











, the former decreasing of 3





















, Li and Sr concentrations measured at the wellhead
4do not show significant variations with respect to those of the
4calculated chemical composition (Fig. 4).at reservoir conditions (red triangles) (62 °C and 15MPa) and the analytical pre-injection
s to colour in this figure legend, the reader is referred to the web version of this article.)
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brine composition (62 °C,15MPa) (path B)





1) and the assumptions necessary to model complex
systems, the chemical composition calculated at reservoir conditions
should be consideredwith caution. In this contest, for amore correct and
careful reconstructionof the reservoir conditions, eachwellwater should
have beenassociated to the solid andgasphasedirectly in contactwith it.
However, due the quality of the available dataset (e.g., average
composition of mineralogy and gas phase, lack of information about
water-
^
flooding), an average composition of formation water for each
considered reservoir was assumed as the most appropriate. Therefore,







brine), for the Marly and Vuggy reservoirs,




reservoir compositions were ob-
tained by geochemical modeling, assuming equilibrium conditions
among: a) the average mineral assemblage of Marly and Vuggy
(Table 3), b) a Na–
^
Cl equivalent brine with a Cl/Na ratio similar to that
of seawater (Cl/Na=1.2), and neutral pH (i.e., 7) and c) themean free gas-
^
cap composition sampled at thewellheads (Table 5). The simulationwas
carried out by using an approach similar to that previously used to
calculate the reservoir chemical composition. The systemwas heated-
^
up
from surface to reservoir temperature (62 °C) and the pressure increase
(from 0.1 to 15 MPa) was simulated, defining a multi-
^
component gas
phase (Table 5) able to irreversibly react with the aqueous solution. By




brine of Marly and
Vuggy (Table 6) with those of the pre-
^
injection water calculated at
reservoir conditions, a good agreement for most analytical species is




concentrations of K+, Ca2+, HCO3−^
, Mg2+, SO42−^are lower than those calculated at the same reservoir conditions from
analytical data (Table 6), reflecting the high variability in salinity of WOF




pH values are 6.91 and 6.76 for the Marly
and Vuggy reservoirs, respectively. These values slightly differ from those
calculated at reservoir condition (6.73 and 6.67 for Marly and Vuggy,
respectively).
The use of an equivalent-
^
NaCl solution is a classical approach used
in many geochemical simulations applied to CO2 storage (e.g., Gunter
et al.,1993,1997; Xu et al., 2004; Gherardi et al., 2007)where analytical
data are lacking. The error induced by this type of approach was
estimated by Kervévan et al. (2005) to be less than 5%. In our case, the
equivalent-
^
NaCl approximation allows to bypass the uncertainty of
more than 36 years of water-
^





brine compositions is the starting point to
assess the geochemical impact and evolution of CO2 into the oil




rock reactions over long
time (i.e., 100 years).UN
CO
R
Fig. 5. Comparison between the calculated “initial” brine and the analyzed pre-injection base
Please cite this article as: Cantucci, B., et al., Geochemical modeling of





5. Temporal evolutionof theWeyburnsystemsubjected toCO2 injection




gas interactions is an
indispensable tool when the temporal evolution of a reservoir, under-





CO2 reactions remain poorly understood. In particular,
the dissolution kinetic rate of supercritical CO2 in saline water is
unknown, although several authors (e.g., Gunter et al., 1997; Xu et al.,
2003; Gauss et al., 2005; Perez et al., 2006;Marini, 2007; Xu et al., 2007)
agree that itmay be considered as a kinetically rapid process. In contrast,
the rate with which CO2-^
rich brine reacts with primary minerals is
relatively slow. The most rapidly dissolving minerals are carbonates






















take hundreds of years to attain equilibrium condition (Gunter et al.,
2000). On the contrary, chemical equilibriummodels can be used only to
describe properly reversible and fast reactions only (Marini, 2007).
Therefore, calculation of the amount of CO2 that can geochemically be
trapped, only based on equilibrium assumption, may be overestimated
after a certain span of time.
5.1. Kinetic simulations at 100 years (path C)





Marly and Vuggy waters
interacting with the host-
^
rock minerals was performed over 100 years
after the injection. Dawsonite, magnesite, chlorite, muscovite, albite,
anhydrite (in the Vuggy) and gypsum (in the Marly) were added as
potential secondary minerals.
Kinetic simulations for each reservoir were carried out at isothermal
conditions of 62 °C, under a CO2 injection constant pressure of 15 MPa.
TheCO2 gaspressure is assumed tobe in equilibriumwith the solution at
all times. The solubility of CO2 in the aqueous phase depends on
pressure, temperature and salinity. At low pressure (atmospheric range)
gas species can be considered to behave as an ideal mixture and the
fugacity coefficient is assumed equal to 1. At higher temperature and
pressure typical of CO2 deep aquifer injection, the assumption of ideal
gas and ideal behavior is not any longer valid, and the fugacitycoefficient
should be corrected according to the temperature and pressure of the
studied system (Spycher and Reed,1988). Pure CO2 supercritical fugacity
and solubilitywere computedbymeansof the thermodynamicmodel of
Duan et al. (1992, 2006) and Duan and Sun (2003). These authors
presented an empirical model based on a specific interaction theory for
the liquid phase (Pitzer, 1973, 1979) and a highly accurate Equation Of
State for the vapour phase (Duan et al., 1992) capable of calculating CO2
solubility in complex saline aqueous fluids for temperatures from 0 to
260 °C, pressures from 0 to 200 MPa and ionic strengths from 0 toline survey data re-calculated to reservoir compositions for the Marly and Vuggy waters.





























































Fig. 6. Variation of solid species in Marly reservoir under CO2–water–rock interaction for 100 years: A: calcite, B: dawsonite and kaolinite, C: chalcedony and K-feldspar, and D: albite
and muscovite. Disordered dolomite and pyrite are not shown.





4.3molal. The general formof theseequations canbe found inDuanet al.
(1992). According to their model, under the WOF conditions (62 °C and
15 MPa) the fugacity of CO2 is 7.32 MPa. Fugacity of CO2 was set in
PHREEQC as partial pressure. Kinetic simulations were performed for a
time span of 100 years through 100 successive incremental steps. To
each step, rates of kinetic reactions are integrated for incremental times
ti. The resulting system is equilibrated with CO2; thus, the results of the
previous time step are the starting point of the successive one.
Thermo-
^
kinetic modeling of the temporal evolution for the WOF
system shows a roughly decrease of pH from 6.91 to 5.07 and from
6.76 to 5.31 for the Marly and Vuggy reservoirs, respectively. The main
variation is achieved after 1 year of simulation. After this period, in the
Marly reservoir pH continues to decrease, whereas it maintains
relatively constant value in the Vuggy reservoir. Temporal evolution of
solid species in Marly and Vuggy reservoirs subjected to CO2 injection
are showed in Figs. 6 and 7.







1 for Marly and Vuggy, respectively).
Although equilibrium is predicted to be achieved in less than 1 year,





1 in the Marly reservoir. The influence of disordered
dolomite (not shown in Figs. 6 and 7) can be considered negligible in both
reservoirs, since it only dissolves 9.13×10−
^












1, respectively). Among carbonate minerals,







1 in the Marly and Vuggy reservoirs, respectively),
achieving concentrations of 2.73×10−
^
2 (Marly) and 1.74×10−
^
3 (Vuggy)Please cite this article as: Cantucci, B., et al., Geochemical modeling of
study, Chemical Geology (2009), doi:10.1016/j.chemgeo.2008.12.029T 5mol·l−
^







1 in the Marly and Vuggy aquifers,
5respectively). Al-
^
silicates show a different behavior in the Marly and







1 after 100 years), whereas K-
5
^




1) within the first








5the Vuggy reservoir, kaolinite dissolves more slowly than in the Marly
5aquifer. This implies that K-
^
feldspar is still dissolving even when
5muscovite starts precipitating as secondary mineral. Concentrations of





1) due to CO2 weathering (e.g., Golubev et al., 2005;
5Navarre-
^
Sitchler and Brantley, 2007). After 100 years no Al-
^
silicates are
5able to achieve equilibrium condition. Potassium derived from the
5dissolution/precipitation of K-
^
feldspar is partially fixed in the reservoir
6asmuscovite. Pyrite (not shown in Figs. 6 and 7) seems to play a negligible
6role. Anhydrite and gypsum are not formed after 100 years.
66. Discussion
66.1. Critical aspect of the reconstruction of the in-
^
situ reservoir composition
6(62 °C, 15 MPa)
6The pre-
^
injection chemical composition of the Marly and Vuggy
6water reservoirs was calculated by assuming thermodynamic equili-
6brium among solid, aqueous and gas phases. As previouslymentioned,
6geochemical interactions with the oil phase, the dissolved organic
6species and the water-
^






















































Fig. 7. Variation of solid species in Vuggy reservoir under CO2–water–rock interaction for 100 years. A: calcite, B: dawsonite and kaolinite, C: chalcedony and K-feldspar, D: muscovite.
Disordered dolomite and pyrite are not shown.





simulations because no data were available. These simplifications are
critical for the numerical simulations because gas partitioning in the oil
phase and the presence of organic compounds in solution may
seriously affect the obtained results. On the other hand,water-
^
flooding
could invalidate the initial hypothesis of thermodynamic equilibrium
among present phases in the WOF. The validation procedure (see
below) is an important tool to verify the extent of such approximation.
From the surface to the reservoir water chemical composition
significantly changes, e.g., Ca2+ and Mg2+ concentrations decrease from
1 to 4 orders of magnitude due to calcite and disordered dolomite
precipitation. Several authors (e.g., Willey et al., 1975; Merino, 1979)
suggest that calcite and dolomite over-
^
saturationmay result from a) CO2
degassing during fluid uprising favoring carbonate precipitation and b)
erroneous alkalinity data since no reliable information on organic acid
anions are available.
Equilibrium simulation for waters collected at surface and a multi-
^
component CH4-^
rich gas phase allow redox reactions reproducing
reduction process from SO42−^
to HS−
^
, typical of many oil reservoirs (e.g.,
Aharon and Fu, 2000). Methane reacts with the sulfates (i.e., anhydrite
and gypsum) to form calcite and H2S, as described by the following
reaction (Feely and Kulp, 1957):
CH4 þ CaSO4↔CaCO3 þ H2S þ H2O: ð6Þ
This reaction causes a sharp decrease in the concentration of SO42−661
662
663
664^and consequently, aqueous HS−
^
increases, favoring the dissolution of
anhydrite and gypsum.
Sulfate reduction can be either thermo-
^
chemical or mediated by
bacteria (e.g., Gavrieli et al., 1995; Marini et al., 2000). The latter alsoPlease cite this article as: Cantucci, B., et al., Geochemical modeling of
study, Chemical Geology (2009), doi:10.1016/j.chemgeo.2008.12.029Tprovokes an increase of HS−
^
and carbonate precipitation through a
reaction analogous to reaction (6). As the concentration of sulfide
increases, pyrite precipitates, leading to a decrease in the concentra-
tion of Fe.
From surface to reservoir K-
^
feldspar partially dissolves, whereas
chalcedony and kaolinite precipitate; consequently K+ and Al con-
centrations are expected to increase. Furthermore, the presence of
organic ligands enhances the cation contents in thewater phase (Wang
et al., 1983; Bénézeth et al., 1994). Nevertheless, the lack of analytical
data related to the abundances of organic acids in the Weyburn brine
may have led to an underestimation of Ca,Mg, Fe, Al content (Giordano
and Kharaka, 1994) when an inorganic model is applied.
Finally, the concentrations of conservative species, such as Na+, Cl−
^and Li do not show significant variations.










brine composition of the Marly and Vuggy reservoirs
was calculated by assuming thermodynamic equilibrium among the
WOF mineralogical assemblage, the NaCl equivalent brine (with a Cl/





cap composition. Also in these simulations, geochemical
interactions with the oil phase, the dissolved organic species and the
water-
^
flooding were not considered.





brine results to be similar to that of the selected wells for
each reservoir calculated at the same reservoir conditions. This is due to









































































































Fig. 8. Comparison of the mineralogical changes at reservoir conditions (62 °C, 15 MPa)
between Marly (red) and Vuggy (green) reservoirs due to CO2 injection after 100 years.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)





by equilibrium with mineral and gas phases (e.g., Bazin et al., 1997;
Palandri and Reed, 2001). Nevertheless, the concentrations of some
species (K+, HCO3−^
, Ca2+, Mg2+, SO42−^
in the Marly and K+, Cl−
^
, Al, in the
Vuggy) show significant differences (Table 6). These variations can be
due to various causes that strongly modify the WOF original chemical
composition, such as a) natural variability in the salinity (and chemical







processes for more than 36 years for each sector of WOF; c) oil chemical
interactionwith other phases and d) microbial activity, specially related
to the oil phase. Furthermore, a possible overestimation of Al should also
be taken into account.
6.3. Critical aspect in the geochemical impact of CO2 injection after 100 years




brine composition can allow
to i) evaluate the geochemical impact of the CO2 injection up to
100 years and ii) quantify the geochemical capacity of CO2 storage
(solubility and mineral trapping) of the Weyburn reservoir after this
period. Geochemical impact of supercritical CO2 was simulated assum-
ing a saturation condition between aqueous and pure CO2 gas phase.
Dissolution of CO2 in the Marly and Vuggy aquifers produces a
sharp decrease of the pH values after a few years of simulation,
inducing chemical reactions able to re-
^
establish equilibrium condi-
tions (Figs. 6 and 7). From a kinetic point of view the fast-
^
reacting solid
phases are carbonate minerals (e.g., calcite). In the Marly and Vuggy
reservoirs calcite quickly dissolves within the first year, whereas
reactions involving disordered dolomite can be considered negligible.
In the Vuggy reservoir pH values steadily increase up to 5.31 within
the first year, whereas in the Marly aquifer it continues to decrease for
100 years (down to 5.07). This different behavior is likely due to
reactions involving Al-
^
silicate minerals. In the very first years of
simulation, CO2 injection into the Marly reservoir produces a partial
dissolution of K-
^
feldspar and kaolinite, with the formation of
muscovite and albite after 16 and 22 years, respectively. Precipitation
of secondary minerals and K-
^
feldspar releases H2CO3 in solution with
consequent pH decrease. In the Vuggy reservoir, alteration of K-
^
feldspar and kaolinite leads, after 37 years, to muscovite precipitation,
likely due to minor amount of Na+ in solution. After 100 years, Al-
^
silicates do not achieve equilibrium conditions. Kinetic simulations
suggest that dissolution of carbonate and Al-
^
silicate minerals,
catalyzed by high concentrations of Na+, favors the precipitation of
dawsonite in both the WOF reservoirs (Johnson et al., 2001):
KAlSi3O8 + Na + + CO2 aqð Þ + H2O XNaAlCO3 OHð Þ2 + 3SiO2 + K +
K−feldsparð Þ dawsoniteð Þ
Dawsonite precipitation in reservoirs subjected to CO2 injection has
been the object of several studies in the last few years. Most numerical
models indicate that, under certain conditions (e.g., CO2 fugacity higher
than 2 MPa; Moore et al., 2005; Zerai et al., 2006), this mineral plays an
important role in the CO2mineral trapping.More recently, Bénézeth et al.
(2007) re-
^
evaluated the thermodynamic proprieties of this mineral and
the factors that control its formation. These authors estimated the relative
stability of dawsonite with respect to Al-
^
(bayerite or boehmite) and Na-
^
bearingphases (albite) ingeological environment typical of CO2geological
storage (100 °C, and total sodium concentration of 1.0 mol·kg−
^
1). They
showed that the CO2-^
induced dissolution of silica-
^
bearing rocks (i.e.,
albite) in contact with saline solution buffers pH and imposes tight
constraints on the formation of dawsonite. To ascertain the presence of
dawsonite in theWOF system, the thermodynamic data of Bénézeth et al.
(2007) were applied to our aqueous speciation model to calculate the
Saturation Index of dawsonite. The computed Saturation Index (1.18 and
1.52, inMarly andVuggy respectively) indicates that after 1 year fromCO2
injection the precipitation of dawsonite can occur. In the Marly reservoir
dawsonite mainly precipitates due to the dissolution of kaolinite. In our
model kaolinite was set as proxy for clay mineral. Thus, this approxima-Please cite this article as: Cantucci, B., et al., Geochemical modeling of





7tion can be regarded as a conservative one, thismineral playing a key role
7as both Al source and dawsonite precipitation.
7Dawsonite precipitates after 1 year of simulation reaching, after







1 in the Marly and in the Vuggy reservoirs, respectively).
7Dawsonite precipitation associated with the release of Si from the
7alteration of Al-
^
silicates leads to significant chalcedony formation.
7Pyrite remains unchanged and no anhydrite (in the Vuggy) or gypsum
7(in the Marly) is formed after 100 years.
76.4. Geochemical trapping mechanisms
7The CO2 injected into a geological reservoir can be trapped through
7two main geochemical processes (Gunter et al., 1993): i) solubility
7trapping, where the acidic gas is dissolved in solution as CO2(aq), ions
7and carbonate complexes (e.g., HCO3−^
, CaHCO3+, etc.) and ii) mineral
7trapping, with formation of secondary stable carbonate minerals.
7Kinetic modeling of the temporal evolution of the Weyburn reser-




is the prevailing process in the early stages, being the amount
7of dissolved CO2 equals to 0.76 and 0.87mol·l−^
1 for theMarly and Vuggy
7aquifers, respectively (Fig. 8). A smaller volume of injected CO2 is likely
7trapped as ions (i.e., HCO3−^
, 0.14 mol·l−
^
1) and carbonate complexes (e.g.,
7NaHCO3(aq), CaHCO3(aq); 0.1394 and 0.18mol·l−^
1 for theMarly and Vuggy
7reservoirs). Over 100 years, a significant quantity of the injected CO2 is
7trapped as dawsonite (0.027 and 0.002mol·l−
^
1 for the Marly and Vuggy
7reservoirs, respectively). The mass balance, calculated as the difference
7between dissolved (calcite and dolomite) and precipitated (dawsonite)
7carbonate minerals (Fig. 8), shows that 0.019 (Marly reservoir) and
75.69×10−
^
5 (Vuggy reservoir) mol·l−
^
1 of CO2 are effectively trapped. After
7this period dawsonite is still precipitating, whereas calcite and dolomite
7are in equilibrium. It is highly likely thatmineral trappingmay increase,










77. Validation of geochemical model (path D–
^
E)




7processes in deep reservoirs, geochemical modeling requires assump-
7tions, uncertainties and approximation. Moreover, the reliability of
7geochemical modeling can also be jeopardized by the scarcity of
7information on the reservoir and the unavailability of kinetic reaction
7rates, e.g., precipitation rates. Hence, the numerical simulations, able to
7describe the physico-
^
chemical processes of CO2 storage at WOF, have
7been validated by comparing the computed data with the analytical
7results obtained at thewellhead in September 2003 (Table 1). Numerical






























































Fig. 9. Comparison between the 2003 calculated and analytical chemical composition of




















code. Starting from the pre-
^
injection reservoir chemical and miner-
alogical composition (Table 6), the supercritical CO2 injection into the





CO2 interactions were performed through kinetically-
^
controlled reactions, by using Eqs. (3) and (4) and thermodynamic
parameters presented in Table 2. Kinetic simulation for each reservoir
was carried out for isothermal conditions of 62 °C, constant pressure of
15 MPa and pure CO2 fugacity of 7.32 MPa. Dissolution kinetic rate for
supercritical CO2 in solution is not defined, although it can reasonably be




Calculated chemical composition (mol·l−1) of selected waters of WOF after 3 years of CO2 in
Reservoir Well Location pH Na+ K+ Ca2+ Mg2+
Marly w 04 14-1 6-14 6.00 1.87 6.40×10−2 2.84×10−3 1.16×
w 18 b 8-18 6-13 6.17 1.39 1.00×10−2 6.78×10−3 3.96×
w 34 d 14-18 6-13 6.26 0.86 5.07×10−2 2.89×10−3 7.71×
w 36 d14-11 6-14 5.96 1.30 6.21×10−2 3.96×10−3 1.29×
w 37 2-10 6-14 6.26 1.15 4.61×10−2 2.36×10−3 7.30×
w 38 14-14 6-14 6.18 1.08 4.91×10−2 3.04×10−3 8.70×
w 39 b14-13 6-14 6.13 1.19 5.16×10−2 3.04×10−3 9.53×
Vuggy w 12 d 8-7 6-13 6.19 1.24 6.43×10−2 8.40×10−3 3.50×
w 28 10-17 6-13 5.98 1.57 7.63×10−2 3.35×10−3 1.13×
w 31 d 14-6 6-13 5.91 1.36 8.07×10−2 3.83×10−3 1.25×
w 35 12-25 -14 6.22 0.65 5.32×10−2 2.90×10−3 6.89×
w 41 d 8-23 6-14 5.97 1.10 6.31×10−2 3.33×10−3 9.40×
Please cite this article as: Cantucci, B., et al., Geochemical modeling of





this study. In order to simulate the CO2 injection, a specific amount of
CO2(g), corresponding to the estimated CO2 volume injected in theMarly
and Vuggy reservoirs in 2000–
^
2003 time span (70.75×109mol
^
of CO2 in
May 2003; Tian et al., 2004), was considered. Assuming a constant
injection ratewith time, in September 2003 about 79.33×109mol
^
of CO2
were injected into the two aquifers. As the injection rate for each
reservoir is unknown, the whole volume of injected CO2 has been
assumed to be reacting. Byconsidering the porosity and the average rock
volume of the Marly (26% and 2.66×108 m3, respectively) and Vuggy
(14% and 1.87×108m3, respectively) reservoirs, themolar concentration
of CO2 injected in 3 years was calculated to be 0.33 and 0.47 mol·l−^
1,
respectively.
In order to compare the results obtained by the kinetic simulation
with the analytical data, the outgassing of the reservoir waters towards
the surface (temperature, pressure and boundary conditions) was
performed (path E) by: i) decreasing the temperature of CO2-^
rich
reservoir waters from 62 to 25 °C and ii) equilibrating the aqueous
solutions at the surface pressure (0.1 MPa) with air (78% N2, 20.9% O2,
0.00005% H2 and 0.03% CO2) without considering any interaction
between the host-
^
rock minerals and the fluids. As it is not possible to
quantify the mineral precipitation due to the fluid degassing, the
geochemical interactions between minerals and fluids have not been




summedup and comparedwith those of themeasured sulfates (Table 1).
The comparison between computed and analytical concentrations
after 3 years was carried out by both a numerical and a statistical
approach. The numerical comparison between simulated and analy-




, Na+, Li, SO42−^
+HS−
^
, Sr and Si; Fig. 9), although the
measured contents of Ca2+ and Mg2+ are 1 to 3 orders of magnitude
higher than those calculated (Table 7).
The calculated concentrations of themain specieswith respect to the
analytical data show the same variations for the period 2000–
^
2003.
Conservative species, such as Cl−
^










1 for September 2003, respectively) in both simulated and
analytical data. Concentrations of SO42−^
+HS−
^










analytical and calculated concentrations, respectively) for both simu-
lated and analytical data.
Strontium concentrations behave differently since the analytical









1), where those calculated increase from the base-





Analytical and calculated concentrations of Si increase in both










In both reservoirs the calculated K+ concentrations are about 40%
higher than those measured. This may be due to an overestimation of
the K-
^
feldspar dissolution rate and/or the reactive surface area.
Reaction rates for feldspars are very uncertain as suggested by thejection at surficial conditions of 25 °C and 0.1 MPa
HCO3− Cl− SO42+HS− Li Sr Si
10−5 1.87×10−2 1.80 3.76×10−2 3.70×10−3 5.35×10−4 8.95×10−4
10−4 2.18×10−2 1.38 1.63×10−2 1.75×10−3 4.35×10−4 5.91×10−4
10−6 2.96×10−2 0.93 4.83×10−2 1.53×10−3 9.10×10−4 8.25×10−4
10−5 1.49×10−2 1.30 2.86×10−2 1.58×10−3 4.17×10−4 8.43×10−4
10−6 3.01×10−2 1.27 5.69×10−2 1.53×10−3 7.58×10−4 8.40×10−4
10−6 2.49×10−2 1.04 4.42×10−2 1.26×10−3 3.46×10−4 8.42×10−4
10−6 2.21×10−2 1.13 4.16×10−2 1.53×10−3 6.16×10−4 8.39×10−4
10−5 2.64×10−2 1.24 7.14×10−2 1.58×10−3 9.95×10−4 5.14×10−4
10−5 1.65×10−2 1.53 4.83×10−2 1.86×10−3 4.73×10−4 4.69×10−4
10−5 1.41×10−2 1.54 4.02×10−2 2.83×10−3 3.81×10−4 4.81×10−4
10−6 2.79×10−2 0.68 7.20×10−2 5.46×10−3 3.59×10−4 5.94×10−4
10−6 1.93×10−2 1.07 5.53×10−2 1.29×10−3 4.24×10−4 5.23×10−4


























































































Results of median test applied to our geochemical model for the Marly and Vuggy reservoirs, with significant level of αb0.05
t8:2
t8:3 α pH HCO3− Ca2+ Cl− K+ Li Mg2+ Na+ Si Sr SO42−+HS−
t8:4 0.05
t8:5 Marly 0.567 0.567 0.001 1.000 0.001 0.080 0.001 1.000 0.015 1.000 0.567
t8:6 Vuggy 0.029 0.486 0.029 0.486 0.029 0.486 0.029 0.486 1.000 0.486 0.029
Results for which the difference of medians between group 1 and 2 is statistically significant are in bold.t8:7




1000 times) of results obtained during different
experimental runs (e.g., Busenberg and Clemency, 1976; Lagache,
1976; Helgeson et al., 1984; Manley and Evans, 1986; Holdren and
Speyer, 1987; Bevan and Savage, 1989; Rafal'
^
skiy et al., 1990; Sverdrup,
1990; Gautier et al., 1994; Blum and Stillings, 1995; Blake and Walter,
1996; Alekseyev et al., 1997; Blake andWalter, 1999; Teng et al., 2001;
Fenter et al., 2003).
According to the calculated and analytical data, three years of CO2
injection in theWOF induces a decrease of the pH values (6.51–
^
6.75 for
the baseline and 6.33–
^
6.39 in September 2003), although the analytical
pH values are affected by degassing. The CO2 injection enhances the
dissolution of carbonate minerals, mainly calcite. This leads to an
increase of the analytical concentrations of HCO3−^
(up to 7 times in 2003)
with respect to thatof the baseline. The gas loss during sampling canbea
key factor to explain this difference. Calcium and magnesium concen-
trations increase after the injection of CO2. Nevertheless the measured
Ca2+ and Mg2+ contents are 10 to 1000 times higher than the calculated
ones (Table 7), likely due to the presence of carboxylic acid acting as
complexant agent (Kharaka et al., 2006). Organic species (not available
for present study) in formationwaters play an important role inmineral
diagenesis (Surdam et al., 1989; Seewald, 2001) as they act as proton
donors for avariety of pH-
^
dependent reactions and can contribute to the
water alkalinity (Lundegard and Land, 1986).
In order to evaluate from a statistical point of view our geochemical
model, the computed and measured analytical data of September 2003
have been compared by using the non-
^
parametricMedianTest. For each




Mg2+, Na+, Si, Sr, SO42−^
+HS−
^
) two groups can be defined: a) the modeled
surficial data and b) the analytical data of waters at September 2003.
Then, the null hypothesis H0, i.e., the data for each variable have been
extracted from populations with the same medians (when its
probability is higher than 0.05), was formulated.
The results ofMedianTest show (Table 8) that thenull hypothesis can
be accepted for HCO3, Cl−^
, Na+, Li, Sr, for Marly and Vuggy reservoirs, Si
for the Vuggy and pH and SO42−^
+HS−
^
for theMarly, with the exception of
Ca2+,Mg2+, and K+. The two earth alkaline elements are likely affected by
the presence of carboxylic acid, whereas the calculated K+ contents
reflect the overestimation of the K-
^



















CO8. ConclusionsGeochemical modeling applied to deep CO2 storage reservoirs(N800 m) is an important tool to define equilibrium conditions among





consequences of CO2 injection. The International Energy Agency (IEA)




test anewgeochemical approach that includesfivemainpaths (Fig. 3):A)
calculation of the reservoir chemical composition (62 °C and 15MPa) for
the Marly and Vuggy waters on the basis of surface pre-
^
injection
analytical data; B) identification of the composition of the original Marly




brines); C) evaluation of the geochemical
impact of CO2 injection in the Weyburn Oil Field (WOF) system for





geochemical modeling comparing the analytical (collected in September
2003) and the simulated data. First the simulation of the CO2 injection in
the WOF for 3 years via kinetically-
^
controlled reactions was computed.Please cite this article as: Cantucci, B., et al., Geochemical modeling of









uprising processes to which the
8deep-
^
seated fluids are subjected were reconstructed.
8The a posteriori procedure, involving the analytical data of samples
8collected at wellhead, were used to: i) reconstruct the in-
^
situ reservoir
8chemical composition, ii) identify chemical composition of the initial
8aqueous liquid phases at pre-
^
injection conditions for both reservoirs,
8and iii) simulate the system evolution after 3 (see Section 7) and
8100 years. The simulations presented in this paper are constrained by
8some assumptions of the physico-
^
chemical processes expected to
8occur in a complex system subjected to CO2 storage such as the WOF.
8The main approximation is that to have neglected the interactionwith
8oil phase. Thus the calculated pH, saturation indexes and speciation
8may be different if the oil phase is taken into account. Other
8uncertainties are related to the unavailability of thermodynamic and
8kinetic data (Xu et al., 2004, 2007; Gherardi et al., 2007; Marini, 2007).
9Despite these assumptions and simplifications, the statistical Median
9Test, used to compare computed andmeasured data, suggests that the
9proposed geochemical model is able to reliably describe the real
9behavior of most investigated variables with the exception of Ca2+,
9Mg2+ and K+, likely due to complexation effects induced by the organic
9fraction (Kharaka et al., 2006) and overestimation of the K-
^
feldspar
9kinetic reaction rate, respectively.
9The geochemical simulations allow to suggest that injected CO2 at
9the Weyburn Oil Field is partially neutralized by solubility (as CO2(aq))
9and mineral trapping (through dawsonite precipitation). New soft-
9ware implementation coupled with a detailed sampling and analyzing




CO2 injection phases, may result in a
9specific monitoring protocol for the Regulation and Policy CCS
9Community, particularly if not conventional monitoring technologies,
9such as U-
^
tube system, are used.
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